The fatigue characteristics of asphalt binder contributes to the fatigue resistance of asphalt concrete and pavements. The linear amplitude sweep (LAS) test (AASHTO TP 101) has been developed as the accelerated testing procedure for fatigue specification of asphalt binders in the United States. Recently a newly energy-based fatigue failure definition and unified failure criterion have been proposed for improving the LAS procedure and data interpreting. However, these new improvements need more verification and calibration on more materials with different modifiers for distinguishing the fatigue performance. In this paper, the improved LAS testing procedure was applied on totally two neat asphalt binders and six modified asphalt binders, which covered the high modulus asphalt binders (HMABs), SBS modified binder, high viscosity (HV) binder and crumb rubber (CR) modified binder. Based on the simplified-viscoelastic continuum damage (S-VECD) modeling approach, three material properties of linear viscoelastic property, damage characteristic curve and failure criterion were characterized for fatigue life prediction of all tested binders. Test results indicates that the CR binder demonstrated the highest failure strain followed by the SBS and compound SBS+HV binders, HMABs and neat binders. Further results of predictive fatigue life also verified the best fatigue life of CR binder followed by SBS+HV binders, SBS binder and HMABs. The HV additives to SBS binder was found to linearly increase the binder fatigue lives and the HMAB-RA showed better fatigue performance than HMAB-PR. Generally, the fatigue life ranking determined from the multiple-loading rates of LAS tests is consistent to the failure strain results and thus, the failure strain identified from the standard LAS-5 test could be used as a fatigue performance parameter.
INTRODUCTION
Fatigue cracking caused from the repeated traffic loading at intermediate temperature is one of the main distress modes on flexible pavement, which finally resulted in the reduced serviceability and increased maintenance needs of asphalt pavement. In order to mitigate the pavement distress, such as permanent deformation, thermal cracking and fatigue cracking, modified asphalt binders are always applied as substitute for neat asphalt binders (Xiao et al. 2009; Becker et al. 2001) . For the sake of increasing the high temperature stiffness and low temperature flexibility, the polymer modified asphalt binders was introduced (Mull et al. 2002) . The styrene-butadiene-styrene (SBS) modifier, which is to increase the elasticity of asphalt, is developed as the most used polymer to modified paving asphalts despite the defect in economic limitation (Xiao et al. 2009 ). SBS modified binder lessens the rate of micro-damage accumulation to enhance its performance on cracking resistance (Yildirim 2007) . Crumb rubber (CR) from scrapped tire is regarded as an economical and effective modifier to asphalt materials, which contributes to the decreased permanent deformation and fatigue cracking in field pavement. Nevertheless, sometimes crumb rubber segregates from the asphalt binder during the storage phase due to the fact that crumb rubber is only the particle within asphalt binder, not chemically integrating into the asphalt binder (Mull et al. 2002) . High modulus asphalt binder (HMAB) is another popular modification approach especially to improved the rutting resistance of asphalt pavements. Bonnetti et al. investigated fatigue behavior of modified binders and found that different testing methods and loading modes showed a significant varied fatigue performance ranking. Also, the testing temperature effect on fatigue performance of modified binders is highly dependent on the modifier type and base asphalt (Bonnetti et al. 2002) . Xiao et al. (2009) found a good correlation between G * sinδ of CR binder and fatigue life of CR mixtures, meanwhile, the CR mixture had a relatively better fatigue performance than mixtures with neat binders. Zou et al. (2015) demonstrated that field pavement with HMABs has a relatively smaller rut depth than SBS mixture after one year service. Lee et al. (2007) discovered that HMAB significantly increased the stiffness and enhanced the resistance to moisture damage, while maintained the low temperature properties.
Regarding to the fatigue parameters for modified asphalt binders, the parameter of |G * | • sin (δ) (|G * | is the dynamic shear modulus and δ is the phase angle) that developed during the strategic highway research program (SHRP) was finally proposed for superpave specification. However, many followed verification studies demonstrated that this SHRP fatigue parameter was not able to correlate to fatigue performance of asphalt concrete and pavements especially for modified asphalt materials (Bahia et al. 2001) . In recent years, the linear amplitude sweep (LAS) test has been developed as an accelerated fatigue procedure and accepted as an AASHTO specification for fatigue performance evaluation of asphalt binders. The LAS test employs cyclic loading with generally increasing load amplitudes to accelerate damage and can obtain sufficient data in less than 30 minutes (Hintz et al. 2011) . Recently a newly energy-based fatigue failure definition and unified failure criterion have been proposed for improving the LAS procedure and data interpreting (Wang et al. 2015) . However, these new improvements still need more verification and calibration on more kinds of modified binders for distinguishing the fatigue performance.
The objective of this paper is to verify the LAS-based fatigue modeling approach by testing varied modified asphalt binders which cover neat binders, HMABs, CR modified binder, SBS binder and further modified with high viscosity (HV) modifier. The binder performance tests consist of both rheological and damage-based tests that are comprehensively to compare the linear viscoelastic (LVE) properties, fatigue damage and failure characteristics, as well as the fatigue life of all tested binders.
MATERIALS AND TESTING

Materials
For this study, two neat binders and six modified asphalt binders were selected to investigate and analyze the fatigue failure behavior. Two neat binders 30# and 70# from local area were labeled with their penetration grades. One neat binder from Iran was respectively modified with Rock asphalt (RA) and polyolefin (PR) to produce HMABs materials. The SBS modified binder, which is commonly used in Beijing area, was further selected and modified with high viscosity (HV) additive. The CR modified binder was also included in this study. Table 1 shows the material information of all tested binders. The LVE frequency sweep as well as the damage-based fatigue tests were utilized in this study using an Anton Paar MCR 302 dynamic shear rheometer (DSR). The 8-mm parallel plate geometry was employed for performance testing at intermediate temperature (5°C to 30°C). The standard Rolling Thinfilm Oven (RTFO) test (AASHTO 1997 ) was performed on all tested binder materials. Following are the major testing procedures and corresponding data interpretation.
Frequency Sweep
Undamaged LVE properties of asphalt binders at intermediate temperature range were obtained from the frequency sweep test. The loading frequency of frequency sweep test was designed from 0.1rad/s to 100rad/s at the temperature of 5°C, 20°C and 35°C, respectively. The Christenson-Anderson-Marasteanu (CAM) model was employed to fit the |G * | mastercurves to provide the undamaged material responses (Marasteanu et al. 1996) . The temperature shifter factor (Φ T ) curve was fitted with the Williams-Landel-Ferry (WLF) nonlinear function (Williams et al. 1955) . In order to construct a smooth |G * | mastercurve, an optimization solution was conducted using a Microsoft Excel Solver based on the time-temperature superposition principle.
Linear Amplitude Sweep (LAS)
The LAS test was developed as the accelerated fatigue procedure for evaluating the damage resistance of asphalt binders (Johnson 2010; Hintz et al. 2013) . The standardized LAS procedure (LAS-5) consists of two steps (AASHTO 2014). First, a frequency sweep is conducted as an undamaged test to determine the LVE responses of the tested binder sample. Then an oscillatory strain sweep with the amplitudes linearly ranging from 0.1% to 30% within 5 minutes is conducted to quantify the damage tolerance of asphalt binder. The simplified-viscoelastic continuum damage (S-VECD) modeling approach is then applied for fatigue life prediction. Recently, a new failure definition based on pseudo strain energy (PSE) was proposed to define the cohesive failure of asphalt binder in the LAS test. Further, conducting the LAS tests under the multiple-loading rates, which can be achieved by varying the strain sweep time duration, are needed to derive the fatigue failure criterion for accurate fatigue life prediction. Details regarding to this new developed energy-based failure analysis approach is provided elsewhere (Wang et al. 2015) . In this study, extending the standard strain sweep time from 5 min (LAS-5) to 10 minutes and 15 minutes (respectively labeled as LAS-10 and LAS-15) were also conducted to develop the failure criterion for fatigue life prediction. Fig. 1 illustrates the test plan of this study. The fatigue damage, failure characteristics and fatigue lives prediction were interpreted by the collected LAS test data. The LAS tests under multiple-loading rates were designed to complete at 20°C, which refers to the typical intermediate temperature in the Beijing area. At least two replicates were run for all performance tests to get the averaged test results. A third or even more replicates were completed to ensure the coefficient of variation was within 10%. 
Experimental Plan
DYNAMIC MODULUS MASTERCURVES
According to the dynamic modulus mastercurves fitted with CAM model as shown in Fig. 2 , two stiffness levels are observed for all tested asphalt binders. HMAB-RA and HMAB-PR represent approximately same modulus as the higher stiffness level. The |G * | mastercurve of 30# binder resembles the mastercurves of HMABs and displays the highest modulus among the tested binders at higher frequency domain (equal to lower temperature range). The 70# neat binder shows dramatically increased stiffness with increasing the loading frequency. For the lower stiffness level, SBS modified binder, SBS+HV binders and CR binder present almost the same modulus mastercurves at higher loading frequency whereas at lower frequency domain, the HV addition is found to linearly increase the binder stiffness. Additionally, the WLF model based temperature shift factors of all tested binders are given in Fig. 3 . 
FATIGUE CHARACTERISTICS
Failure Strain Comparison
In accordance with the S-VECD model, the failure point on the LAS stressstrain curve is identified based on the peak store PSE, which is normally located after the peak stress (Wang et al. 2015) . The stress-strain curves interpreted from the LAS-5 tests for all tested binders are compared in Fig. 4 . The 30# neat binder presents the highest yield stress and the lowest failure strain among all binders. The CR binder, SBS modified binder and SBS+HV binders show similar stress-strain curves, which is hard to identify the yield point due to the yield platform phenomenon, however, the CR binder exhibits the largest failure strain among all binders. All these results indicate that the yield stress or yield strain are incapable of evaluating binder fatigue performance. Besides, the yield stress determined from the stress-strain curve for each binder generally corresponds to its stiffness level as shown in Fig. 2 . The LAS tests under three loading rates of LAS-5, LAS-10, LAS-15 were conducted on all binders and the corresponding failure strain are compared in Fig. 5 Generally the failure strain ranking under different loading rates are identical. The CR binder demonstrates the highest failure strain among all tested binders followed by SBS and SBS+HV binders, HMABs and neat binders. The identified failure strain of HMAB-RA is larger than that of HMAB-PR. However, the failure strain is just a parameter of representing the strain tolerance of asphalt binder under cyclic loading, which may partly imply the final fatigue performance. More accurate fatigue evaluation needs further analysis on fatigue damage and failure characteristics. 
Damage and Failure Analysis
Damage characteristic curves (DCC) is the relationship between the pseudo stiffness (C), which refers to the material integrity, and the increasing of the damage intensity (S). The DCCs from LAS-5 tests of all tested binders are summarized and compared in Fig. 6 . It is interesting to find that the relative position of the DCCs are strongly affected by the binder stiffness levels in Fig.  2 , indicating that the stiffer binder (HMABs and neat binders) relatively resulted a higher position of DCC whereas the softer SBS and SBS+HV binders as well as CR binders presented lower DCCs. Nevertheless, the C vs. S characteristic relationship is only capable of the damage evolution and a fundamental material property for the fatigue life prediction. Another material characteristic for the S-VECD model is the fatigue failure criterion as compared in Fig. 7 for all tested binders. Similarly, the G R vs. N f relationship is also affected by the binder stiffness. The characteristic G R vs. N f is also a critical input for the fatigue life prediction. Additionally, it is needed to point out that the collapse of DCCs or failure criterion does not imply the same fatigue performance since the fatigue life prediction is an integrated model of totally three materials properties of dynamic modulus mastercurve, DCC and failure criterion. 
Fatigue Life Prediction
Based on the S-VECD modeling approach and previously determined three material properties, the predicted fatigue lives for all tested binders are compared in Fig. 8 . The modified binders generally show much better fatigue performance than neat binders. Among modified binders, the CR binder presents the best fatigue performance followed by SBS+HV binders, SBS binder and HMABs. The HV addition is found to effectively increase the fatigue life of SBS binder with increasing the amount of HV additives and the SBS+8%HV binder resulted comparatively similar fatigue performance to the CR binder. Besides, the HMAB-RA distinctly shows a better fatigue life than the HMAB-PR, which indicates that RA modifier is preferred to apply for HMABs when both rutting and fatigue cracking are the main concerns for the pavement distress. 
SUMMARY
This paper mainly evaluated and compared the fatigue failure behavior of various asphalt binders that covered neat binders, HMABs, SBS modified binders, HV binders and CR modified binder. Specific findings of this study are summarized as follows:
(1) The frequency sweep tests indicate that HMABs represented an obvious improvement for binder stiffness, whereas RA and PR additives demonstrated the similar impact on stiffness of HMABs.
(2) From the LAS tests under multiple-loading rates, the CR binder demonstrated the highest failure strain levels among tested binders followed by the SBS and SBS+HV binders, HMABs and neat binders. Furthermore, the RA additive in HMABs resulted larger failure strain than that of PR additive.
(3) Based on the S-VECD model, the binder fatigue life prediction was derived from three material properties of dynamic modulus mastercurve, damage characteristic curve and failure criterion. The CR binder demonstrated the best fatigue performance followed by the SBS+HV binders, SBS binder, HMABs and neat binders. The HV additives to SBS binder is found to linearly increase the binder fatigue lives and the HMAB-RA showed better fatigue performance than HMAB-PR. Generally, the fatigue life ranking determined from the LAS tests was generally consistent to the previous failure strain results and thus, the failure strain identified from the standard LAS-5 test could be used as a fatigue performance parameter.
